The giant impact hypothesis for Moon formation 1, 2 successfully explains the dynamic properties of the Earth-Moon system but remains challenged by the similarity of isotopic fingerprints of the terrestrial and lunar mantles 3 . Moreover, recent geochemical evidence suggests that the Earth's mantle preserves ancient (or "primordial") heterogeneity 4, 5 that predates the Moon-forming giant impact 6 . Using a new hydrodynamical method 7 , we here show that Moon-forming giant impacts lead to a stratified starting condition for the evolution of the terrestrial mantle. The upper layer of the Earth is compositionally similar to the disk, out of which the Moon evolves, whereas the lower layer preserves proto-Earth characteristics.
, for these v imp < 1.3v esc , where v imp is the impact velocity and v esc is the escape speed), which are both high-probablity impact configurations 24 and lead result naturally in the current angular momentum of the Earth-Moon system. We apply a new hydrodynamical Lagrangian method:
Meshless Finite Mass (MFM) (see Methods subsection 2). This method is better at capturing fluid mixing and at resolving the core-mantle boundary than the widely-used smoothed-particle hydrodynamical approach 7 .
In our simulations of such impacts, a strong shock propagates almost perpendicular to the line connecting the centers of the two impacting bodies after the first contact. In both the canonical and hit-and-run scenarios, the part of the impactor that can avoid direct collision is sheared into a spiral structure which, shortly afterwards, collapses into clumps. The clumps re-impact the highly distorted target to eject some additional target material into the circum-planetary debris disk (Supplementary Video; Figure 1b ). Figure 1c shows the predicted fraction of target material in the post-impact body, F tar as a function of normalized enclosed mass (which corresponds to the radius, within which a given planetary mass fraction is enclosed). Even though mixing is more efficient with our new method than in previous studies, most of the impactor's silicates still remain in the outer layer of the post-impact target mantle (low F tar ). This prediction is explained by inefficient transfer of angular momentum during the impact (Methods subsection 1). Focused shock heating in the outer layer (Supplementary Video) results in a steep entropy profile ( Figure   1d ) through most of the mantle. In particular, there is a distinct entropy jump at radius R, or at a normalized enclosed mass of ∼0.7 M ⊕ . In terms of mass, this R corresponds to ∼1000 km depth in the present-day mantle.
For the metal core, our models also predict a steep entropy and compositional profile in the aftermath of the impact. The entropy of the deep core even drops below its initial condition of 1200 J/kg/K. This is well explained by the effects of phase transitions near the core-mantle boundary, which can be captured by the MFM method, and results in a redistribution of energy, and entropy, from the core to the mantle 7 (Methods subsection 2, Extended Data Fig. 2, 6 ). The impactor's metal mostly remains near the top of the core. Depending on the conditions of metalsilicate (impactor metallic core/target silicate mantle) equilibration, this prediction may provide an explanation for the ∼300-km-thick compositionally stratified layer that is seismically observed at the top of the present-day outer core 25 .
4
To test our model predictions with geochemical observations, we estimate the unknown compositions of the impactor's (Theia) and target's (proto Earth) mantles from the known isotopic compositions of the accessible part of the Earth's mantle and Moon 15 (See Supplementary material for calculation using alternative data). Figure 2a shows the allowed ∆ 17 O-difference as a function of the mass of the mantle that remains poorly homogenized (or preserved) over the age of the Earth. If the present-day mantle is fully homogenized such that any primordial stratification is completely removed, a common assumption in previous studies, Theia and the proto-Earth must have been rather similar in composition. For example, only 30 ppm ∆ 17 O difference between parent bodies are allowed in our best canonical model (run 5). On the other hand, if the assumption of full homogenization is relaxed, and the predicted mantle stratification can be (partially) preserved through the present day, larger compositional differences can be reconciled with the available data. For example, considering the preservation of a compositionally-distinct domain below R, differences of up to 54 ppm (run 13) in ∆ 17 O are allowed (Figure 2b ), particularly for the hit-and-run models, which display larger fractions of proto-Earth silicate material in the disk than the canonical models (table 1; Figure 1 ). These large values are consistent with the compositional difference between potential parent bodies of the Earth-Moon system in N-body simulations of planetary accretion 8 . For realistic parent-body compositional differences 26 , inefficient mixing of the Earth's mantle through time can indeed help to resolve the geochemical similarity of the accessible Earth mantle and Moon. Even for moderate mixing across R, our models can critically increase the allowed compositional difference between parent bodies (see Figure 2a) .
Whether post-impact heterogeneity can persist through ∼1 Myr of magma-ocean and ∼4.5
Gyrs of mantle convection is controlled by the initial compositional and thermal profiles of the mantle. Our models predict the formation of a deep magma ocean due to the energy release of the giant impact 27 (see Extended Data Fig. 6 ). While major-element compositions of the postimpact mantle layers above and below R depend on the unknown bulk compositions of Theia and the proto-Earth, respectively, an enrichment of the lower (proto-Earth) layer in FeO According to our results, the preservation of a significant fraction of primordial mantle heterogeneity through the age of the Earth can explain the isotopic similarity between the Earth's and lunar mantles for a relatively wide range of parent-body compositional differences ( Figure 2 ).
Preservation of SiO 2 -enriched heterogeneity further helps to balance the bulk-Earth's silica budget relative to the chondritic compositional range. Future geochemical and geophysical studies of lower-mantle composition will contribute to constrain the chemistry and origin of Earth's parent bodies, and thus, ultimately, of the inner solar nebula, providing the means to test effectively our scenario.
Methods
Estimation of the penetration depth of the impactor's silicates. In the gravity dominated regime, the interaction between the impactor's mantle and the target's mantle behaves like a fluid collision.
One fluid element can only deliver half its momentum/angular momentum to a roughly equal mass fluid element due to the completely inelastic nature of a fluid collision. The transport of angular momentum through shock waves, primarily the contact shock at their first contact, is also inefficient because the shock is almost symmetric to the line of centres. The impactor's mantle keeps roughly half its initial angular momentum, 0.35(1 − γ)L imp (confirmed by our simulations), so that it cannot sink deep into the target's mantle. To avoid rotational instability, the specific angular momentum of the post-impact target must not decrease as radius increases (Rayleighs criterion);
in simulations, the outer part rotates faster. In the best possible case, we assume the impactor's silicates concentrate in a thin shell and they rotate with materials from the target's mantle, residing outside the shell, at constant specific angular momentum (Extended Data Fig. 1 ). The materials beyond the shell contain the rest of the angular momentum, (0.65 + 0.35γ)L imp . Even for γ = 0.15, the impactor's mantle cannot penetrate half the target's mantle. A hit-and-run collision is more complicated due to interaction with the escaping part and stronger oblique shocks, but the angular momentum transport is still inefficient with R a little deeper (see table 1 ).
Simulations and analysis. We simulate the giant impacts using the GIZMO code 33 , which is a descendant of the GADGET code 34 and its SPH method widely used in previous impact simulations). GIZMO indeed contains the legacy SPH implementation of the GADGET code, newer SPH implementations such as PSPH, and, most importantly the novel Meshless Finite Mass (MFM).
Gravity is coupled to all these different hydro methods using the same treecode scheme 33 . The MFM method is an improved hydrodynamics formulation that is fundamentally different from the Smoothed Particle Hydrodynamics (SPH). GIZMO MFM does effective volume partition accord-8 ing to the particle distribution and then solves the Riemann problem to update the fluid variables and can be regarded as a generalized moving mesh method. It employs no explicit artificial viscosity and thus shows better conservation property than SPH 35 . MFM captures shocks and subsonic turbulence in giant impact simulations accurately, so it can simulate the mixing properly 7 . We use about 500K particles in our simulations, which is comparable to present-day high resolution simulations. We run a 2M particles simulation as a convergence test (Extended Data that we observe between simulations carried out with these two methods will only stem from the underlying hydrodynamical solver.
We characterize the modeled impacts by determining the disk mass/angular momentum, the predicted Moon mass, planet mass/angular momentum and the internal structure of the post-impact target. The former is done following a standard approach, i.e., bounded particles with periapsis 9 distance larger than the equatorial radius of the planet are classified as disk particles 20, 39 . This calculation is preformed at least 40 hours after the impact, i.e. when the system saturates to a quasisteady state 39 (Extended Data Fig. 5 ). We calculate the entropy profile by arithmetically averaging the entropy across spherical shells (assuming spherical symmetry). The fraction of materials from the target is calculated analogously. The iron core is slightly oblique with an equatorial radius that is slightly (< 5%) larger than the polar radius; hence, the profiles is not messed up at the core-mantle boundary. A counter-intuitive result involves that that core entropy can drop below its initial value for MFM, as shown by the entropy profile (e.g., Figure 1d ).
This prediction by our MFM models contrasts with that of our SPH models (Extended Data Fig. 3 ). The entropy drop in the core for MFM is caused by a phase transition and the associated redistribution of internal energy, and entropy, from the core to the mantle, hence it has a physical origin 7 . Indeed, as the outer core, near the core-mantle boundary, melts first, entropy locally increases, forcing the inner core to decrease its own entropy in order to maintain thermodynamical equilibrium. This entropy loss outweighs the entropy gain through shocks in the central core region. In contrast, in SPH simulations, the core and mantle are separated by an artificial tensional force 7, 40, 41 (see also Extended Data Fig. 6 ). This force largely isolates the core, causing the core to evolve nearly adiabatically 7 . The physical heating associated with shocks is somewhat overestimated by the usage of artificial viscosity 7, 34 ; as a result, the entropy slightly increases in the core for SPH. That the entropy in the central core does not decrease for SPH, is thus mostly due to a numerical artifact. The marked difference between MFM and SPH, i.e. in terms of the temperature and entropy distribution near the core-mantle boundary, is visualized in Extended Data At the end of each run (at least 40 hours after the impact, until no clumps present in the disk) we evaluate the proto-lunar disk and the post-impact target compositions following an established approach 20, 39 (see Methods subsection 2). The canonical (top) and hit-and-run (bottom) models are separated by
are the real masses of the Earth and Moon, and the predicted masses of the proto-lunar disk, the formed moon, and post-impact target (formed Earth), respectively. We also calculated the mass fraction of the mantle that lies beyond R, i.e., and an analogous case with a higher initial entropy target (1400 J/kg/K for iron and 3200 J/kg/K for dunite) (red). In the case with an initially hotter target, the entropy jump in the mantle is slightly less sharp than for run 13. However, the compositional profile is robust, remaining virtually unchanged. The disk mass and angular momentum also remain robust with differences <2%. the core and mantle in the SPH simulation due to numeric issues 7 ; the temperature difference across the core-mantle boundary can be larger than 10000K.
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Supplementary Material
Determination of the correlated ranges of inferred isotopic compositions of the proto-Earth, Theia, and the Lower Mantle.
In the following, these letters / subscripts denote material derived from the respective reservoirs: Also, X is the isotopic composition of a reservoir (e.g., expressed in permill deviation from a standard), m the mass of a reservoir, and f the fractional mass of the target (= the proto-Earth in Giant Impact settings) mantle in the reservoir.
All equations below will use the basic mass balance equation, where two reservoirs of mass m1 and m2, and isotopic compositions of X1 and X2, are merged into a new reservoir of mass mt = m1 + m2 and composition Xt. Xt is then:
Note that this assumes that the mass-fractions of the respective element (e.g., oxygen) are identical in all reservoirs. If that is not the case (e.g., if the proto-Earth's mantle contains 40% O, while Theia's mantle contains 45% O), then in the following, Xi should be treated as the product of the mass-fraction ci (e.g., 40%) and the actual isotopic composition X'i: Xi = ci * X'i.
We start with the assumption that both the proto-Earth and Theia are initially well-mixed, so that their silicate mantles can be treated as a single reservoir. In classical Giant Impact mass-balance calculations, one would fully mix these two reservoirs, with the respective contributions fE, fM determined previously by the SPH simulations, to arrive at the resulting bulk isotopic composition of Earth and Moon. The mass-balance calculation for the isotopic composition of (the silicate part of) the Earth is:
So, mP,E is the total mass of the proto-Earth mantle material that ends up in the Earth's mantle, while mE is the mass of the Earth's mantle. For convenience, we can also define:
so that fi is the fraction of proto-Earth mantle material in the respective reservoir (i). Since the rest of the mass of the reservoir must come from Theia (mP,i + mT,i = mi) we can also set:
We can then re-write equation (2) as:
Similarly, we can formulate the same equation for the Moon:
Here, fM represents the fraction of proto-Earth mantle material in the Moon. The fact that fE and fM (and thus XE and XM; all other values must be the same) have been found to be different in SPH simulations of the Giant Impact, while XE and XM have been measured to be identical within uncertainty, is sometimes called the "isotopic conundrum" of the Moon's formation.
In the paper, we show that a Giant Impact simulated with an updated SPH model will result in a stratified Earth mantle, where the upper mantle contains a smaller fraction of proto-Earth material than the lower mantle, although the proto-Earth fractions of the upper mantle and the disk (from which the Moon forms) are similar. The composition of the three reservoirs is then:
There is a fourth reservoir, which contains ejecta, material ejected from the Earth-Moon-system back into a heliocentric orbit. For canonical impacts, this reservoir has masses between 0.001 and 0.02 Earth masses, while for hit-and-run impacts, the masses are considerably larger, between 0.04 and 0.07 Earth masses. For simplicity, we will assume that for canonical impacts, the contribution from the proto-Earth is zero, while for hit-and-run impacts, the proto-Earth contribution is typically on the order of 30%. The mass-balance equation for the ejecta reservoir is: XJ = [ mP,J * XP + mT,J * XT ] / mJ (10)
As for the "simple" case of the fully mixed post-Giant-Impact Earth (equations 5 and 6), we can again express the mP,i and mT,i variables using the respective contribution from the proto-Earth: 
Since we do know the isotopic composition of the Moon (XM) and the upper mantle (XU) as well as the masses and/or proto-Earth contributions in all reservoirs (from the SPH simulations; mi and/or fi), we are left with four unknown variables (XP, XT, XL, XJ) and four equations relating them. We use equations (11) and (12) to solve for XP and XT, which are then in turn used to calculate XL and XJ using (13) 
Remarks on the core entropy and EOS
We have published a series of tests of the reliability of MFM in a technical paper (Deng et al. 2019 ApJ, hereafter paper1). Among other things, this paper shows that the entropy drop is caused by phase transitions and the associated internal energy redistribution.
We would first like to point out that the code we use here, GIZMO (Hopkins 2017) is a multi-method code, including both SPH (widely used in impact simulation) and MFM (first applied by our group for impact simulations in paper1 and in this manuscript). In this framework MFM and SPH do share the same EOS implementation; so the difference found between these two numerical methods in the manuscript, especially in terms of the entropy difference, can only be caused by differences in the hydrodynamical methods.
The differences between the two methods that are relevant for our discussion are:
-First, traditional SPH suffers from spurious pressure forces at contact discontinuities (Agertz et al. 2007 ). In impact simulations, these forces may separate the mantle and core to some extent. -Second, SPH imposes artificial viscosity to capture shocks, which can result in excessive dissipation and suppress subsonic turbulence (for our case affecting mixing in the post-impact body), see e.g., Bauer & Springel 2012.
MFM is a relatively new method which does not suffer from the above two shortcomings, as they has been thoroughly shown in published papers describing the GIZMO code. For example, we note that MFM successfully passes benchmark tests such as the Kelvin-Helmholtz instability and forced subsonic turbulence test (sections 4.4.1 and 4.4.4 in Hopkins, 2015), which deal exactly with the two shortcomings described above. These capabilities of MFM are inherited from the fact that it solves the hydro equations in conservative form using an accurate Riemann solver and employing all the machinery of state-of-the-art finite volume 2nd order Godunov codes.
As a result of its more accurate representation of fluid flow as we describe below (see also paper1), MFM can resolve the energy flux related to phase changes under certain circumstances. We show that this flux is related to a physical process and not an artifact (although maybe under-resolved, see below). Most importantly, we show that our main results (i.e. post-impact compositional profiles across the Earth's mantle and core) remain robust irrespective of this energy flux or resolution.
In paper1, we run tests concerning the conservation of entropy. For summary see the table below:
First, we perform an adiabatic expansion test: turning off gravity and letting the 0.89 Earth mass target expand freely. Entropy conservation is excellent in both SPH and MFM, validating our EOS implementation (see also the square test and the shock capturing test in paper1 appendix A). For example, the entropy of the core remains 1200J/kg/K even after 50 hours when the target expands 50 times in radius. (see paper1 figure  8 , pressure release melting is isentropic)
In impact simulations, the target's core experiences expansion (not free/adiabatic expansion however) and compression constantly. We introduce the oscillation test to mimic the expansion and compression during the impact: a 0.89 Earth-mass proto-Earth model with an initial radial expansion velocity 1km/s at radius >0.7 Earth radius. The planet oscillates radially, and this makes a clean test to examine the entropy change without shock heating (note: the oscillations are subsonic). We take the entropy conservation of the core as an example in the following discussion. The entropy in the SPH simulations is conserved with an error proportional to the amount of numerical dissipation introduced by artificial viscosity (paper1 figure 11) . For the SPH oscillation simulation with ANEOS/M-ANEOS, we observe indeed an increase in the entropy of the core at the center. The oscillations are slow and no shocks are present. Artificial viscosity can be triggered for convergent flow (in the center during compression), which in this case leads to an internal energy/entropy gain. In Deng et al. (2017) we have shown that this is an issue in modelling accurately the evolution of self-gravitating disks, the issue being instead absent in MFM. That said, the entropy of the core is roughly conserved with no regions entering a low-entropy state.
MFM conserves entropy throughout the oscillation test with Tillotson EOS similarly to SPH, with the core oscillating along the same isentrope (paper1 figure 10, blue curve). We note that Tillotson EOS does not include phase transitions while ANEOS/M_ANEOS can model phase transitions (Brundage 2013). The default ANEOS library does contain a melting curve for iron (Prof. Gareth Collins, personal communication), and many previous studies used entropy >1650 J/kg/K as a simple criterion to identify molten iron in ANEOS (see, e.g., Pierazzo et al. 1977 ). We carried out one oscillation simulation with a fully molten core (core entropy 1860J/kg/K, planet surface ~10000K) using MFM and again the entropy of the core is well conserved (paper1 figure 9) . MFM conserves entropy provided that no phase transitions are present (absent in the EOS or the physical process). Entropy conservation for MFM is even better than in SPH, as expected due to the absence of artificial viscous dissipation.
When the initial core entropy is 1200 J/kg/K (planet surface ~2000K, center ~4000K as generally assumed in the Moon forming impact) the core entropy is not conserved in the MFM oscillation test. Such a model has a core initially close to the solidus (e.g., Alf et al. 1999 ). When such a proto-Earth oscillates, pressure release (decompression) melting starts at the outer core during expansion; the outer core is more susceptible to melting than the inner core because of the slope of the melting curve. As quasi pressure equilibrium is always maintained, the re-establishment of this equilibrium is associated with an energy redistribution towards the molten layer (note this is not heat conduction) (paper1, figure 10 right panel). The total related energy flux ignoring the source term of the gravitational energy is ∇ ⃗ (ρu+0.5ρv*2+P) (Hopkins 2015). As a result, in order to maintain the same pressure the melt region near the CMB ought to have higher internal energy than solid iron under the same pressure (paper1 figure 10, right panel) . During subsequent compression, the high internal energy molten region (this manuscript figure 8) redistributes energy towards the mantle. Thus, through consecutive expansion-compression cycles, the melt region act as an agent to redistribute energy from the inner core toward the core-mantle boundary, and eventually into the mantle.
In impact simulations, the constant decompression and compression cycles lead to a hot molten outer core (this manuscript figure 8 ) and thermal energy extraction from the central core. In the CTH (a well tested finite volume grid-based code) simulation of the canonical moon formation impact, the entropy of the core also drops when the same ANEOS EOS as here is used (paper1 figure 12) . Similar internal energy redistribution can happen in the mantle. Thus, the energy flux out of the core is related to a physical process, and not an artifact. In turn, the fact that the entropy is conserved in SPH during phase transitions is a numerical artifact. That the energy flux is related to melting near the core-mantle boundary is further supported by full conservation of entropy in the case with an initially molten core (see above). We acknowledge that achieving a quantitatively converged thermal state in general, and for the energy flux in particular, is challenging, and will likely require higher resolution than used here (not possible for a parameter study), because low resolution leads to strong oscillations (poor force resolution), more melting and more energy extraction from the core (this manuscript figure 4). We stress, however, that our conclusions remain robust as the compositional profile remains virtually unaffected by changes in resolution (this manuscript figure 4) or in the initial thermal state (this manuscript figure 6). While these changes affect the entropy profile (see above), they do not affect the compositional profile.
Future studies with DISPH (e.g., Hosono et al 2015) using the ANEOS library will shed further light on the entropy drop in the centre core. We expect it to be in line with MFM as in the ideal gas simulations (Saitoh & Makino 2016). The cooling core may also be a pure artifact caused by the treatment of phase transitions in ANEOS which is far from realistic (Dr. Kai Wünnemann, private communication). In all, reevaluation of the reliability/accuracy of giant impact modelling should be taken seriously.
